A new method was developed for the preparation of highly monodisperse isotopically spectroscopy. For the NP preparation, a basic amino acid catalysis route was used and the resulting NPs were analysed using transmission electron microscopy (TEM), small angle Xray scattering (SAXS), dynamic light scattering (DLS) and zeta potential measurements.
prepared in two steps starting from elementary silicon-29 pellets. In the first step Si-29 silicon tetrachloride ( 29 SiCl 4 ) was prepared by heating elementary silicon-29 in chlorine gas stream. By using a multistep cooling system and the dilution of the volatile and moisturesensitive 29 SiCl 4 in carbon tetrachloride as inert medium we managed to reduce product loss caused by evaporation.
29
Si-TEOS was obtained by treating 29 SiCl 4 with absolute ethanol.
Structural characterisation of 29 Si-TEOS was performed by using 1 H and 13 C nuclear magnetic resonance (NMR) spectroscopy and Fourier-transform infrared (FTIR) spectroscopy. For the NP preparation, a basic amino acid catalysis route was used and the resulting NPs were analysed using transmission electron microscopy (TEM), small angle Xray scattering (SAXS), dynamic light scattering (DLS) and zeta potential measurements.
Finally, the feasibility of using enriched NPs for on-line field-flow fractionation coupled with multi-angle light scattering and inductively coupled plasma mass spectrometry (FFF/MALS/ICP-MS) has been demonstrated.
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Introduction
Following changes in regulation and standardisation related to the use and commercialisation of nanomaterials, mostly in cosmetic and food industries (e. In analytical chemistry and biochemistry, where high accuracy is required, isotope dilution mass spectrometry (IDMS) is employed [9, 10] [11] . Finally, the morphology, size distribution and surface charge of the synthesized NPs were characterised for using transmission electron microscopy (TEM), small angle X-ray scattering (SAXS), dynamic light scattering (DLS), zeta potential measurements and on-line field-flow fractionation coupled with multi-angle light scattering and inductively coupled plasma mass spectrometry (FFF/MALS/ICP-MS).
Experimental

Materials
Silicon-29 (99.73 % isotopic enrichment, STB Isotope), chlorine gas (in cylinder, 99.8 %, Linde), ethanol (a.r., 99.98 %, max. 0.02 % water, Reanal), pentane (reagent grade, 98 %, Sigma-Aldrich), L-arginine (reagent grade, ≥98 %, TLC, Sigma-Aldrich) and cyclohexane (G.R., 99.99 %, Lach-Ner) were used as received. For the preparation of 29 Si-TEOS carbon tetrachloride (a.r., Reanal) and triethylamine (puriss., 99 %, Reanal) were refluxed on calcium hydride (95+ %, Aldrich), and then distilled prior to use. High purity deionized water (18.2 MΩ·cm) was used during the particle preparation. NaOH. At the end of the reaction, the NaOH solutions were unified and back-titrated in order to estimate the residual acidity. Hydrogen chloride dissolved in the reaction mixture was scavenged by slow addition of a 1:1 (V/V) mixture of triethylamine and CCl 4 (ca. 5 mL) until the medium turned into basic. The voluminous precipitation of triethylammonium chloride formed upon neutralization was filtered off, the volatiles were removed in vacuo, and then the residue was taken up in 10 mL of n-pentane. After filtration and evaporation, the purity of the product allowed the preparation of NPs without further purification step. Yield: 5.0 g (69% 
Preparation of
Preparation of 29
Si-silica NPs
Silica NPs with nearly 20 nm average particle diameters were synthesized according to
Hartlen et al. in a 20 ml scintillation vial (VWR Scientific) [11] . Briefly, 9.1 mg of L-arginine was added to 6.9 mL of water at room temperature under vigorous stirring (300 rpm). Then 0.45 mL of cyclohexane was overlayered on the arginine solution and the reaction mixture was heated to 60 °C. 0.55 mL of 29 Si-TEOS was injected into the cyclohexane phase and it was allowed to react for 20 h. Finally cyclohexane was removed under reduced pressure. Germany) [12, 13] . The sample-to-detector distance was 2.2 m, the X-ray energy was set to 8
Characterisation
keV, and the sample was filled into borosilicate glass capillary with 1.0 mm nominal diameter (Müller & Müller OHG, Berlin, Germany). 2D scattering patterns were collected 7 with a vacuum-compatible large-area pixel detector Pilatus 1M (Dectris Ltd., Baden, Switzerland) [14] . The scattering curves were obtained by radial averaging of the 2D patterns, and the size distribution was calculated by non-linear least squares fitting of the form factor of a homogeneous sphere and taking into account the polydispersity by a Gaussian size distribution [15] .
DLS measurements were performed using a W130i Dynamic Light Scattering System (High Wycombe, UK). Low volume disposable plastic cuvette was used for the DLS measurements (UVette, Eppendorf Austria GmbH, Austria), and data evaluation was performed using the iSize 2.0 software. Volume weighted distributions were used to characterize the NP sample.
Zeta potential measurements were performed on a Malvern Zetasizer Nano ZS (Malvern, Worcs, UK) equipped with He-Ne laser (λ=633 nm) and backscatter detector at fixed angle of 173°. The pH of the sample was measured using a JENWAY 3540 Bench Combined Conductivity/pH Meter.
Asymmetric flow field flow fractionation was applied using a metal-free AF2000 MT system 
Results and discussion
To our best knowledge, the synthesis of pure 29 Si-labelled silicon tetrachloride, tetraalkoxyde and silica NPs has not yet been published. The preparation of 29 Si-TEOS was performed in a two-step synthesis as a modified combination of conventional methods described earlier in literature for isotopically non-enriched TEOS [16, 17] . First, the elementary silicon-29 was converted to its tetrachloride upon heating in chlorine gas, and then treated with abs. ethanol to give the silane ester.
The conventional synthetic methods mentioned in the literature are described for the preparation of much larger quantities (100-500 g), wherein the product loss caused by evaporation is negligible. We aimed to optimize the synthetic method for 1 g of 29 Si pellets as starting material. Preliminary experiments conducted on native Si powder have shown that only low over-all yields can be obtained (30%) on the small scale. We meant to ameliorate this result before the use of the high-cost isotopically enriched silicon-29. For this purpose we performed three modifications over the traditional synthetic methods of SiCl 4 and TEOS in an easy-to-build laboratory equipment (Fig. 1) .
One of them included the dilution of the volatile (SiCl 4 ; b.p. 57.65 °C) and moisture-sensitive Si-TEOS are well-dispersed (Fig. 2) .
The size distribution evaluated from SAXS measurement has a mean value of 19.44 nm with a standard uncertainty of 0.21 nm (k=1). The full width at half maximum of the distribution is 4.95 nm with a standard uncertainty of 0.52 nm (k=1), which indicates a highly monodisperse nanoparticle system. The latter is in good agreement with the results from TEM and DLS investigations (Fig. 3) . The zeta potential (surface charge) of the obtained particles is -40.9 mV (pH 9.2) which corresponds to good colloidal stability.
Preliminary experiments were performed by FFF/MALS/ICP-MS to investigate the applicability of the 29 Si-silica NPs as spikes for IDMS. Fig. 4 shows the FFF-ICP-MS fractograms of the (A) natural (prepared by same method using isotopically non-enriched TEOS) and (B) 29 Si-silica NPs and demonstrates that in both cases the NPs are eluting in one well resolved peak. We observed a slight difference in the elution times that we attribute to the slight difference in particles size, variations in the membrane condition and channel back pressure. Fig. 4 (Fig. 4 (B) ) demonstrates the predominance of Si-29 in the spike NPs. The similarity between natural (non-enriched) and spike NPs will be investigated in a further work.
Conclusions
In summary, a simple method has been developed for the synthesis of Si-TEOS was suitable for the preparation of silica NPs by a basic amino acid catalysis route [11] . Other synthesis routes (e.g. Stöber)
are also presumed to yield silica NPs under identical conditions than for native TEOS [18] .
The particles prepared by our method will be invaluable for use as internal standards in applications such as the development of reference methodology (e.g. IDMS) for the accurate quantification of particles with natural isotopic composition. Although the development of reference methodology (e.g. based on IDMS quantitation) is out of the scope of this paper, it can be anticipated that such methodology will be invaluable for the characterisation of reference materials and the development of traceable methods for particle counting (e.g. 11 based on single particle ICP-MS). Therefore, ongoing studies in our laboratory are fully exploring the potential of the developed spikes for IDMS method development in complex matrices. 
